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L8 88 S L6(S)L4 

L9 45 DUP REM L8 (43 DUPLICATES REMOVED) 

=> d au ti so 1-45 19 

L9 ANSWER 1 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 

AU Naughton, Gail K. (1); Mansbridge, Jonathan N. ; Pinney, R. Emmett 

TI Methods of making conditioned cell culture medium compositions. 

SO Official Gazette of the United States Patent and Trademark Office Patents, 

(Apr. 16, 2 002) Vol. 1257, No. 3, pp. No Pagination. 

http : //www.uspto. gov/web/menu/patdata . html . e-f ile . 

ISSN: 0098-1133. 

L9 ANSWER 2 OF 45 CAPLUS COPYRIGHT 2002 ACS 

AU Yang, Liye; Hui , Guozhen; Bao, Dashi; Jiang, Lizhen; Fei, Jian; Guo, Lihe 
TI The long-term culture in vitro and exogenous gene expression of neural 
stem cells 

SO Zhonghua Shenjing Waike Jibing Yanj iu Zazhi (2002), 1(3), 262-265 
CODEN: ZSWJAU; ISSN: 1671-2897 

L9 ANSWER 3 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 
AU Kim, You-Chan; Shim, Jae-Won; Oh, Young - J. ; Son, Hyeon; Lee, Yong-Sung; 
Lee, Sang-Hun (1) 

TI Co-transf ection with cDNA encoding the Bel family of anti-apoptotic 

proteins improves the efficiency of transfection in primary fetal neural 
stem cells. 

SO Journal of Neuroscience Methods, (30 June, 2002) Vol. 117, No. 2, pp. 
153-158 . http: //www. elsevier . com/ locate/ jneumeth. print . 
ISSN: 0165-0270. 

L9 ANSWER 4 OF 45 MEDLINE 
AU Okano Hideyuki 

TI Neural stem cells: progression of basic research and perspective for 

clinical application . 
SO KEIO JOURNAL OF MEDICINE, (2002 Sep) 51 (3) 115-28. Ref : 114 

Journal code: 0376354. ISSN: 0022-9717. 

L9 ANSWER 5 OF 45 MEDLINE DUPLICATE 1 

AU Arnhold S; Fassbender A; Klinz F-J; Kruttwig K; Lohnig B; Andressen C; 
Addicks K 

TI NOS-II is involved in early differentiation of murine cortical, retinal 

and ES cell -derived neurons -an immunocytochemical and functional approach. 

SO INTERNATIONAL JOURNAL OF DEVELOPMENTAL NEUROSCIENCE, (2002 Apr) 20 (2) 
83-92. 

Journal code: 8401784. ISSN: 0736-5748. 

L9 ANSWER 6 OF 45 MEDLINE DUPLICATE 2 

AU Donofrio Gaetano; Cavirani Sandro; Simone Taddei; van Santen Vicky L 

TI Potential of bovine herpesvirus 4 as a gene delivery vector. 

SO JOURNAL OF VIROLOGICAL METHODS, (2 002 Mar) 101 (1-2) 49-61. 



Journal code: 8005839. ISSN: 0166-0934. 

L9 ANSWER 7 OF 45 MEDLINE DUPLICATE 3 

AU Sosunov A A; Chelyshev Iu A 

TI [Neural stem cells in the brain] . 

Stvolovaia nervnaia kletka mozga. 
SO USPEKHI FIZIOLOGICHESKIKH NAUK, (2002 Jan-Mar) 33 (1) 17-28. Ref : 126 

Journal code: 0310750. ISSN: 0301-1798. 

L9 ANSWER 8 OF 45 CAPLUS COPYRIGHT 2002 ACS 
IN Pera, Martin Frederick; Ben-Hur, Tamir 

TI Embryonic stem cells and neural progenitor cells derived therefrom 
SO PCT Int. Appl., 125 pp. 
CODEN: PIXXD2 

L9 ANSWER 9 OF 45 CAPLUS COPYRIGHT 2 002 ACS 
IN Zhu , Ji anhong 

TI Human neural stem cell capable of expressing transgene gene and its 

isolation and preparation 
SO Faming Zhuanli Shenqing Gongkai Shuomingshu, 10 pp. 

CODEN: CNXXEV 

L9 ANSWER 10 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 

AU Hitoshi, S. (1); Alexson, T. (1); Tropepe, V. (1); Donoviel, D. ; de la 

Pompa, J. L.; Mak, T. W. ; Bernstein, A.; van der Kooy, D. (1) 
TI Notch signaling is essential for maintaining neural stem cells in the 

developing mammalian brain. 
SO Society for Neuroscience Abstracts, (2001) Vol. 27, No. 2, pp. 1814. 

print . 

Meeting Info. : 31st Annual Meeting of the Society for Neuroscience San 
Diego, California, USA November 10-15, 2001 
ISSN: 0190-5295. 

L9 ANSWER 11 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 

AU Howard, M. J. (1); Chang, L. K. (1); Schottler, F. (1); St. Clair, A. M. 

(1); Adams, L. D. (1); Liu, S. (1); Stewart, T. J. (1); Holekamp, T. F. 

(1); Jacquin, M. F. (1); Gottlieb, D. I. (1); Johnson, E. M. (1) ; 

McDonald, J. W. (1) 
TI Apoptotic death of embryonic stem (ES) 

cell -derived neural cells occurs after dissociation in 

culture or transplantation into the injured spinal cord: Limiting 

cell death. 

SO Society for Neuroscience Abstracts, (2001) Vol. 27, No. 2, pp. 1563. 
print . 

Meeting Info. : 31st Annual Meeting of the Society for Neuroscience San 
Diego, California, USA November 10-15, 2001 
ISSN: 0190-5295. 

L9 ANSWER 12 OF 45 CAPLUS COPYRIGHT 2002 ACS 

AU Reubinoff, Benjamin E . ; Itsykson, Pavel; Turetsky, Tikva; Pera, Martin F.; 

Reinhartz, Etti; Itzik, Anna; Ben-Hur, Tamir 
TI Neural progenitors from human embryonic stem cells 
SO Nature Biotechnology (2001), 19(12), 1134-1140 

CODEN: NABIF9; ISSN: 1087-0156 

L9 ANSWER 13 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 

AU Scheffler, B. (1); Schmandt, T. (1); Schroeder, W.; Steinfarz, B. (1) ; 

Wellmer, J.; Beck, H. ; Steinhaeuser , C. ; Bluemcke, I. (1); Wiestler, 0. D. 
(1) ; Bruestle, 0. (1) 
TI Network integration of embryonic stem cell -derived glial precursors. 
SO Society for Neuroscience Abstracts, (2001) Vol. 27, No. 1, pp. 968. print. 

Meeting Info. : 31st Annual Meeting of the Society for Neuroscience San 

Diego, California, USA November 10-15, 2001 

ISSN: 0190-5295. 



L9 ANSWER 14 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 

AU Llado, J. (1); Maragakis, N. J. (1); Kerr, D. A. (1); Shamblott, M. J. ; 

Dykes-Hoberg, M. I. (1); Coccia, C. (1); Snyder, E. Y.; Gearhart, J. D.; 

Rothstein, J. D. (1) 
TI Neural stem cells and embryoid body-derived cells have tropic effects on 

spinal cord motor neurons . 
SO Society for Neuroscience Abstracts, (2001) Vol. 27, No. 1, pp. 968. print. 

Meeting Info. : 31st Annual Meeting of the Society for Neuroscience San 

Diego, California, USA November 10-15, 2001 

ISSN: 0190-5295. 

L9 ANSWER 15 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 
AU McDonald, John W. (1) 

TI Embryonic stem cells survive, differentiate, and promote recovery in the 

injured adult spinal cord. 
SO FASEB Journal, (March 8, 2001) Vol. 15, No. 5, pp. A740. print. 

Meeting Info. : Annual Meeting of the Federation of American Societies for 

Experimental Biology on Experimental Biology 2001 Orlando, Florida, USA 

March 31-April 04, 2001 

ISSN: 0892-6638. 

L9 ANSWER 16 OF 45 MEDLINE DUPLICATE 4 

AU O'Shea K S 

TI Neuronal differentiation of mouse embryonic stem cells: lineage selection 

and forced differentiation paradigms. 
SO BLOOD CELLS, MOLECULES, AND DISEASES, (2001 May-Jun) 27 (3) 705-12. 

Journal code: 9509932. ISSN: 1079-9796. 

L9 ANSWER 17 OF 45 MEDLINE DUPLICATE 5 

AU Xian H Q; Gottlieb D I 

TI Peering into early neurogenesis with embryonic stem cells. 
SO TRENDS IN NEUROSCIENCES , (2001 Dec) 24 (12) 685-6. Ref : 8 
Journal code: 7808616. ISSN: 0166-2236. 

L9 ANSWER 18 OF 45 MEDLINE DUPLICATE 6 

AU Westmoreland J J; Hancock C R; Condie B G 

TI Neuronal development of embryonic stem cells: a model of GABAergic neuron 
differentiation. 

SO BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS, (2001 Jun 15) 284 (3) 
674-80. 

Journal code: 0372516. ISSN: 0006-291X. 

L9 ANSWER 19 OF 45 MEDLINE DUPLICATE 7 

AU Nieto M; Schuurmans C; Britz O; Guillemot F 

TI Neural bHLH genes control the neuronal versus glial fate decision in 

cortical progenitors. 
SO NEURON, (2001 Feb) 29 (2) 401-13. 

Journal code: 8809320. ISSN: 0896-6273. 

L9 ANSWER 2 0 OF 45 MEDLINE DUPLICATE 8 

AU Carpenter M K; Inokuma M S; Denham J; Mujtaba T; Chiu C P; Rao M S 
TI Enrichment of neurons and neural precursors from human embryonic stem 
cells . 

SO EXPERIMENTAL NEUROLOGY, (2001 Dec) 172 (2) 383-97. 
Journal code: 0370712. ISSN: 0014-4886. 

L9 ANSWER 21 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 

AU Liu, S. (1); Elbert, S. S. (1); Schottler, F. (1); Bonnot, J. (1); Lu, A. 

(1) ; McDonald, J. W. (1) 
TI Neural stem cells derived from embryonic stem (ES) cells produce extensive 

extracellular matrix (ECM) that is highly supportive for neurite 

out -growth . 

SO Society for Neuroscience Abstracts, (2001) Vol. 27, No. 1, pp. 347. print. 



Meeting Info. : 31st Annual Meeting of the Society for Neuroscience San 
Diego, California, USA November 10-15, 2001 
ISSN: 0190-5295. 



L9 ANSWER 22 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 
AU Becker-Catania, S. G. (1); de los Monteros, A. Espinosa (1); Cole, R. (1) ; 
de Vellis, J. (1) 

TI Oligodendrocytes generated from mouse neural stem cells for use in 

transplantation therapy. 
SO Society for Neuroscience Abstracts, (2001) Vol. 27, No. 1, pp. 345. print. 

Meeting Info. : 31st Annual Meeting of the Society for Neuroscience San 

Diego, California, USA November 10-15, 2001 

ISSN: 0190-5295. 

L9 ANSWER 2 3 OF 4 5 MEDLINE DUPLICATE 9 

AU Sawamoto K; Yamamoto A; Kawaguchi A; Yamaguchi M; Mori K; Goldman S A; 
Okano H 

TI Direct isolation of committed neuronal progenitor cells from transgenic 
mice coexpressing spectrally distinct fluorescent proteins regulated by 
stage-specific neural promoters. 

SO JOURNAL OF NEUROSCIENCE RESEARCH, (2001 Aug 1) 65 (3) 220-7. 
Journal code: 7600111. ISSN: 0360-4012. 

L9 ANSWER 24 OF 45 BIOSIS COPYRIGHT 2 002 BIOLOGICAL ABSTRACTS INC. 
AU Scheele, Jurgen S. (1); Jurgens, Anne S. (1); Kamps, Mark P.; Kolanczyk, 
Mateusz K. (1) 

TI In-vitro differentiation of homozygous Pbxl knock-out ES cells reveals a 
role of Pbxl in transcriptional regulation of genes potentially relevant 
for brain development. 

SO Blood, (November 16, 2001) Vol. 98, No. 11 Part 2, pp. 172b. 
http: //www. blood journal .org/ . print . 

Meeting Info. : 43rd Annual Meeting of the American Society of Hematology, 
Part 2 Orlando, Florida, USA December 07-11, 2001 
ISSN: 0006-4971. 

L9 ANSWER 2 5 OF 45 MEDLINE 
AU Mazurova Y 

TI New therapeutic approaches for the treatment of Huntington's disease. 
SO ACTA MEDICA (HRADEC KRALOVE) , (2001) 44 (4) 119-23. Ref : 66 
Journal code: 9705947. ISSN: 1211-4286. 

L9 ANSWER 2 6 OF 4 5 MEDLINE DUPLICATE 10 

AU Singh G 

TI Sources of neuronal material for implantation. 
SO NEUROPATHOLOGY, (2001 Jun) 21 (2) 110-4. Ref: 14 
Journal code: 9606526. ISSN: 0919-6544. 

L9 ANSWER 27 OF 45 MEDLINE DUPLICATE 11 

AU Villa A; Rubio F J; Navarro B; Bueno C; Martinez -Serrano A 
TI Human neural stem cells in vitro. A focus on their isolation and 
perpetuation. 

SO BIOMEDICINE AND PHARMACOTHERAPY, (2001 Mar) 55 (2) 91-5. Ref: 31 
Journal code: 8213295. ISSN: 0753-3322. 

L9 ANSWER 28 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC . DUPLICATE 
12 

AU Pagano, Stefano F.; Lucchiari, Sabrina; Bez, Alessandra; Ponti, Dario; 

Onof r j , Marco; Vitello, Francesco; Torrente, Yvan; Etteri, Sabrina; Di 

Giorgi, Valeria; Colombo, Augusto; Bresolin, Nereo; Girelli, Marina; Cova, 

Lidia; Parati, Eugenio A. (1) 
TI The role of interleukin-6 (IL-6) in the proliferation and differentiation 

of human neural stem cells. 
SO Neuroscience Research Communications, (July August, 2001) Vol. 29, No. 1, 

pp. 1-14. print. 



ISSN: 0893-6609. 



L9 ANSWER 29 OF 45 SCISEARCH COPYRIGHT 2002 ISI (R) 

AU Akita J (Reprint) ; Takahashi M; Hojo M; Nishida A; Haruta M; Honda Y 
TI Differentiation of adult rat hippocampus -derived neural 

stem cells in the embryonic retinal organ 

culture . 

SO INVESTIGATIVE OPHTHALMOLOGY & VISUAL SCIENCE, (15 MAR 2000) Vol. 41, No. 
4, Supp. [S] , pp. B7171-B7171. 

Publisher: ASSOC RESEARCH VISION OPHTHALMOLOGY INC, 9650 ROCKVILLE PIKE, 
BETHESDA, MD 20814-3998. 
ISSN: 0146-0404. 

L9 ANSWER 30 OF 45 MEDLINE DUPLICATE 13 

AU Magli M C; Levant ini E; Giorgetti A 

TI Developmental potential of somatic stem cells in mammalian adults. 
SO J Hematother Stem Cell Res, (2000 Dec) 9 (6) 961-9. Ref : 60 
Journal code: 100892915. ISSN: 1525-8165. 

L9 ANSWER 31 OF 45 MEDLINE DUPLICATE 14 

AU Hancock C R; Wetherington J P; Lambert N A; Condie B G 

TI Neuronal differentiation of cryopreserved neural progenitor cells derived 

from mouse embryonic stem cells. 
SO BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS, (2000 May 10) 271 (2) 

418-21. 

Journal code: 0372516. ISSN: 0006-291X. 

L9 ANSWER 32 OF 45 MEDLINE DUPLICATE 15 

AU Reubinoff B E; Pera M F; Fong C Y; Trounson A; Bongso A 

TI Embryonic stem cell lines from human blastocysts: somatic differentiation 
in vitro. 

SO NATURE BIOTECHNOLOGY, (2000 Apr) 18 (4) 399-404. 
Journal code: 9604648. ISSN: 1087-0156. 

L9 ANSWER 33 OF 45 MEDLINE DUPLICATE 16 

AU Blakemore W F; Franklin R J 

TI Transplantation options for therapeutic central nervous system 
remyelination. 

SO CELL TRANSPLANTATION, (2000 Mar-Apr) 9 (2) 289-94. Ref: 43 
Journal code: 9208854. ISSN: 0963-6897. 

L9 ANSWER 34 OF 45 MEDLINE DUPLICATE 17 

AU Lee J C; Mayer-Proschel M; Rao M S 
TI Gliogenesis in the central nervous system. 
SO GLIA, (2000 Apr) 30 (2) 105-21. Ref: 195 
Journal code: 8806785. ISSN: 0894-1491. 

L9 ANSWER 35 OF 45 MEDLINE DUPLICATE 18 

AU Galli R; Pagano S F; Gritti A; Vescovi A L 

TI Regulation of neuronal differentiation in human CNS stem cell progeny by 

leukemia inhibitory factor. 
SO DEVELOPMENTAL NEUROSCIENCE , (2000) 22 (1-2) 86-95. 

Journal code: 7809375. ISSN: 0378-5866. 

L9 ANSWER 36 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 

AU Akita, J. (1); Takahashi, M. (1); Hojo, M.; Nishida, A. (1); Haruta, M. 

(1) ; Honda, Y. (1) 
TI Differentiation of adult rat hippocampus -derived neural 

stem cells in the embryonic retinal organ 

culture. 

SO IOVS, (March 15, 2000) Vol. 41, No. 4, pp. S14 . 

Meeting Info.: Annual Meeting of the Association for Research in Vision 
and Ophthalmology. Fort Lauderdale, Florida, USA April 30 -May 05, 2 000 
Association for Research in Vision and Ophthalmology 



L9 ANSWER 37 OF 45 MEDLINE DUPLICATE 19 

AU Bjorklund A 

TI Cell replacement strategies for neurodegenerative disorders. 

SO NOVARTIS FOUNDATION SYMPOSIUM, (2000) 231 7-15; discussion 16-20. Ref : 39 
Journal code: 9807767. 

L9 ANSWER 38 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 
AU Howard, M. J. (1); Liu, S . ; Stewart, T. J.; Holekamp, T. F.; Qu, Y.; 

McDonald, J. W. 
TI Caspase 3 -dependent apoptosis death of embryonic stem 

cell-derived neural cells occurs after dissociation in 

culture or transplantation into the injured spinal cord. 
SO Society for Neuroscience Abstracts, (2000) Vol. 26, No. 1-2, pp. Abstract 

No. -327.3. print. 

Meeting Info. : 30th Annual Meeting of the Society of Neuroscience New 
Orleans, LA, USA November 04-09, 2000 Society for Neuroscience 
. ISSN: 0190-5295. 

L9 ANSWER 3 9 OF 45 BIOSIS COPYRIGHT 2002 BIOLOGICAL ABSTRACTS INC. 

AU Barker, J. L. (1); Marie, I.; Chang, Y. H. ; Marie, D. 

TI Neuronal and astroglial progeny of neural stem cells differentiate 

lineage-restricted patterns of membrane mechanisms that regulate cytosolic 

calcium similar to those emerging in vivo. 
SO Society for Neuroscience Abstracts, (2000) Vol. 26, No. 1-2, pp. Abstract 

No. -312.15. print. 

Meeting Info. : 3 0th Annual Meeting of the Society of Neuroscience New 
Orleans, LA, USA November 04-09, 2000 Society for Neuroscience 
. ISSN: 0190-5295. 

L9 ANSWER 40 OF 45 MEDLINE DUPLICATE 2 0 

AU Svendsen C N; Smith A G 

TI New prospects for human stem-cell therapy in the nervous system. 
SO TRENDS IN NEUROSCIENCES , (1999 Aug) 22 (8) 357-64. Ref: 86 
Journal code: 7808616. ISSN: 0166-2236. 

L9 ANSWER 41 OF 45 MEDLINE DUPLICATE 21 

AU Rao M S 

TI Multipotent and restricted precursors in the central nervous system. 
SO ANATOMICAL RECORD, (1999 Aug 15) 257 (4) 137-48. Ref: 52 
Journal code: 0370540. ISSN: 0003-276X. 

L9 ANSWER 42 OF 4 5 CAPLUS COPYRIGHT 2 002 ACS 

AU Vescovi, Angelo L.; Parati, Eugenio A.; Gritti, Angela; Poulin, Paule; 

Ferrario, Marina; Wanke, Enzo; Frolichsthal-Schoeller, Paola; Cova, Lidia; 

Arcellana-Panlilio, Mayi; Colombo, Augusto; Galli, Rossella 
TI Isolation and cloning of multipotential stem cells from the embryonic 

human CNS and establishment of transplantable human neural stem cell lines 

by epigenetic stimulation 
SO Experimental Neurology (1999), 156(1), 71-83 

CODEN: EXNEAC; ISSN: 0014-4886 

L9 ANSWER 43 OF 45 MEDLINE DUPLICATE 22 

AU Brustle O; Spiro A C; Karram K; Choudhary K; Okabe S; McKay R D 
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AB Pluripotent P19 embryonal carcinoma cell cultures can 

be induced to differentiate into neurons and glial cells by the addition 
of 10 (-6) M retinoic acid. During early neural differentiation, a bundle 
of colchicine-stable, acetylated microtubules is formed. This acetylated 
microtubule array apparently extends to form neurites during neurogenesis. 
In this paper, we analyze changes in vimentin and MAP 2 distributions 
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acetylated microtubule array. During a brief period early in 
differentiation, indirect immunofluorescence staining shows the 
colocalization of colchicine-stable acetylated microtubules, vimentin, 
MAP 2. Using acrylamide to disrupt the organization of vimentin 
intermediate filaments and estramustine to disrupt the binding of MAP 2 
microtubules, we show that acetylated microtubules, MAP 2, and vimentin 
intermediate filaments are arranged in an interdependent cytoskeletal 
array. We suggest this array may serve to stabilize processes in 
neural stem cells, before the final decision to 
differentiate into neurons or glia is made. 
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ABSTRACT During embryogenesis, pluripotent stem 
cells segregate into daughter lineages of progressively re- 
stricted developmental potential. In vitro, this process has 
been mimicked by the controlled differentiation of embryonic 
stem cells into neural precursors. To explore the developmen- 
tal potential of these cell-culture-derived precursors in vivo, we 
have implanted them into the ventricles of embryonic rats. The 
transplanted cells formed intraventricular neuroepithelial 
structures and migrated in large numbers into the brain 
tissue. Embryonic-stem-cell-derived neurons, astrocytes, and 
oligodendrocytes incorporated into telencephalic, dience- 
phalic, and mesencephalic regions and assumed phenotypes 
indistinguishable from neighboring host cells. These obser- 
vations indicate that entirely in W/ro-generated neural pre- 
cursors are able to respond to environmental signals guiding 
cell migration and differentiation and have the potential to 
reconstitute neuronal and glial lineages in the central nervous 
system. 



The ability to isolate, proliferate, and genetically manipulate 
embryonic stem (ES) cells is one of the major achievements in 
experimental biology (1,2). The totipotency of these cells has 
kindled numerous efforts to generate tissue-specific precur- 
sors from ES cells in vitro. The controlled differentiation of ES 
cells into stem cells of defined lineages provides experimental 
access to early embryonic development and may eventually 
lead to alternative donor sources for tissue reconstruction. A 
central question concerning the biology of ES-cell-derived 
precursors is to what extent these cells resemble their in vivo 
counterparts. Are precursor cells generated outside the con- 
text of a multicellular organism sufficiently responsive to 
positional cues to participate in the development and histo- 
genesis of a living host? Hematopoietic stem cells derived from 
ES cells have, indeed, been shown to reconstitute the lym- 
phoid, myeloid, and erythroid lineages after transplantation 
into irradiated mice (3). During the last 3 years, several groups 
have demonstrated that mature neurons and glia can be 
derived from ES cells in vitro (4-7). Recently, we have reported 
an efficient procedure for the generation of proliferative 
neural precursors from ES cells. In vitro, these precursors 
generate functional neurons, astrocytes, and oligodendrocytes 
(8). In vivo reconstitution would be a more stringent test of the 
potential of ES cells to acquire central nervous system fates. 
The limited self-renewal in the adult mammalian brain pre- 
cludes the kind of ablation and reconstitution experiments 
used to study in vivo differentiation of hematopoietic progen- 
itors. We have, therefore, used a different approach and 
introduced ES-cell-derived neural precursors into the devel- 
oping brain. Previous studies have revealed that primary 
neuroepithelial precursors implanted into the ventricle of 
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embryonic rats incorporate extensively into the host brain and 
undergo region-specific differentiation into neurons and glia 
(9-11). Herein, we show that ES-cell-derived neural precur- 
sors grafted into the embryonic ventricle migrate into the host 
brain and contribute to all three principal lineages of the 
nervous system. Our results suggest that neuroepithelial pre- 
cursors derived from ES cells in the absence of positional cues 
can migrate and differentiate according to local signals in the 
host environment. 

MATERIALS AND METHODS 

ES Cell Culture. ES cells (line Jl; ref. 12) were maintained 
on y-irradiated fibroblasts in DMEM containing 20% fetal calf 
serum, 0.1 mM 2-mercaptoethanol, nucleosides, nonessential 
amino acids, and human recombinant leukemia inhibitory 
factor (1000 units/ml). Cells were passaged once onto gelatin- 
coated dishes and then aggregated to form embryoid bodies in 
bacterial dishes in the absence of leukemia inhibitory factor. 
Four-day-old embryoid bodies were plated in tissue culture 
dishes and propagated for 5-12 days in ITSFn medium 
(DMEM/F-12 containing insulin at 5 jug/ml, transferrin at 50 
u.g/ml, 30 nM selenium chloride, and fibronectin at 5 /xg/ml; 
ref. 8). 

Intrauterine Transplantation. Cells were trypsin ized and 
triturated to single-cell suspensions in the presence of 0.1% 
DNase. Timed-pregnant Sprague-Dawley rats were anesthe- 
tized with ketamine hydrochloride (80 mg/kg) and xylazine (10 
mg/kg), and 0.1-1 X 10 fi cells were injected into the telence- 
phalic vesicle of each embryo as described (11). 

Immunohistochemistry. Zero to 15 days after spontaneous 
birth, recipients were anesthetized and perfused with 4% 
paraformaldhyde in PBS (stillborn recipients were fixed by 
immersion). Serial 50-um Vibratome sections were character- 
ized with antibodies to microtubule-associated protein 2 (Sig- 
ma, dilution, 1:200), nestin (dilution, 1:1,000), glial fibrillary 
acidic protein (GFAP; ICN, dilution, 1:100), (CNPase; Sigma, 
dilution, 1:200), neurofilament (SMI311, Sternberger Mono- 
clonals, Baltimore, MD; dilution, 1:500), NeuN (Chemicon, 
dilution, 1:50), tyrosine hydroxylase (Eugene Tech Intl., 
Ridgefield Park, NJ; dilution, 1:200), M2 and M6 (refs. 13 and 
14; dilution, 1:10). Antigens were visualized by using appro- 
priate fluorophore- or peroxidase-conjugated secondary an- 
tibodies. To assay alkaline phosphatase activity, sections were 
incubated at 37°C in 100 mM TrisHCl, pH 9.5/100 mM 
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NaCl/50 mM MgCh/nitroblue tetrazolhim at 0.3 mg/ml/5- 
bromo-4-chloro-3-indolyl phosphate at 0,175 mg/ml. After 
3-10 min, the staining was stopped by transferring the sections 
to 10 mM Tris*HCl/l mM EDTA. Specimens were examined 
on Zeiss Axioplan, Axiovert, and Laser Scan microscopes. 

In Situ Hybridization. Donor cells were identified by using 
a digoxigen in-end-labeled oligonucleotide probe to the mouse 
major satellite (15). DNA-DNA in situ hybridization was 
performed as described (11). Briefly, sections were treated 
with Pronase at 25 /xg/ml in 2x SSC/5 mM EDTA for 15 min 
at 37°C, dehydrated, and denatured in 70% formamide/2X 
SSC at 85°C for 12 min. After dehydration in ice-cold ethanols, 
sections were hybridized overnight at 37°C in 65% form- 
amide/2x SSC/salmon sperm DNA at 250 /ig/ml. Washes 
were 50% formamide/2X SSC (30 min, 37°C) and 0.5X SSC 
(37°C, 15 min). Hybridized probe was detected by using 
alkaline phosphatase or f iuorophore-conjugated antibodies to 
digoxigenin (Boehringer). 

RESULTS 

Widespread Incorporation of ES-Cell-Derived Neural Pre- 
cursors into the Developing Brain. For transplantation, 4-day 
embryoid bodies were plated on tissue culture dishes and 
grown in ITSFn medium. This medium has previously been 
shown to strongly select for neural precursors (8), During the 
first 72 h in ITSFn, a large proportion of the cells died. Most 
of the remaining cells acquired an elongated phenotype 
strongly reminiscent of neuroepithelial precursor cells. These 
cells also expressed nestin, an intermediate filament typically 
present in neural precursor cells (16). After 6 days in ITSFn 
medium, typically more than 80% of the cells were nestin- 
positive. The remaining cells showed varied morphologies with 
focal expression of SSEA-1 and keratin 8, i.e., antigens typi- 
cally expressed in undifferentiated embryonic tissues and 
primitive ectoderm (refs. 17 and 18; data not shown). After 
5-12 days in ITSFn, cells were harvested and used for trans- 
plantation. Recipient animals were grafted between embry- 
onic day (E) 16 and El 8 and sacrificed between postnatal day 
(P) 0 and PI 5. Clusters of donor cells were detected in the 
ventricles of all successfully injected pups (see below). In situ 
hybridization revealed that large numbers of mouse cells left 
the ventricle and migrated into various host brain regions, 
including cortex, striatum, septum, thalamus, hypothalamus, 




Fig. 1. Distribution of ES-cell-derived neural precursors after 
implantation into the telencephalic vesicle of E16-E18 rats. The 
schematic represents a midsagittal section through the brain of a 
newborn recipient. After leaving the ventricular system (solid areas), 
neurons (vertical lines) and astrocytes (horizontal lines) occupy over- 
lying territories. Donor-derived neurons integrate preferentially into 
gray matter regions exhibiting neurogenesis until or beyond the time 
of implantation. ES-cell-derived astrocytes also incorporate into white 
matter regions such as the corpus callosum (CC). CO, cortex; DP, 
dorsal pontine area; HY, hypothalamus; IC, inferior colliculus; PG, 
periaqueductal gray; SC superior colliculus; SE, septum; TH, thala- 
mus. Donor-derived neurons and astrocytes were also detected in 
hippocampus (Fig. 3B), olfactory bulb (Fig. 4 A and B), and striatum 
(Fig. IE). 



and tectum (Figs. 1 and 2 A, E, F, and K and Table 1). The 
transplanted cells integrated individually into the host tissue 
and were only detectable by virtue of their genetic difference. 
The number of incorporated cells varied considerably among 
individual recipients and brain regions. Quantitative stereol- 
ogy and a detailed assessment of donor cell survival and 
proliferation will be required to assess what proportion of the 
transplanted cells integrates into the host brain. Preliminary 
cell counts have revealed up to 650 incorporated cells in single 
coronal 50-^tm sections. 

Differentiation into Neurons and Glia. The differentiation 
of the incorporated cells was assessed by using antibodies to 
cell-type-specific antigens in conjunction with a mouse-specific 
DNA probe or mouse-specific antibodies to M6 and M2 (13, 
14). Hybridized neurons expressing the neuronal antigens 
NeuN (19) and microtubule-associated protein 2 were de- 
tected at tel-, di-, and mesencephalic levels (Fig. 2 / and L). The 
shape, size, and orientation of these cells were indistinguish- 
able from adjacent host neurons (Fig. 21). Confocal laser 
microscopy allowed detailed reconstruction of individual phe- 
notypes. ES-cell-derived neurons exhibited characteristic polar 
morphologies with segregation of neurites into dendrites and 
axons (Fig. 2B-D and G). Both classes of neurites frequently 
extended several hundred micrometers into the adjacent host 
neuropil (Fig. 2 G and//). Donor-derived neurons were readily 
detectable at birth but appeared to undergo further morpho- 
logical maturation in the postnatal period. The example in Fig. 
2M shows an ES-cell-derived neuron with prominent dendritic 
spines in the thalamus of a 2- week-old host. Neurons integrat- 
ing into the host cortex frequently displayed morphologies of 
projection neurons with long apical dendrites reaching into the 
superficial cortical layers and basal axons extending several 
hundred micrometers into the corpus callosum (Fig. 2 B-D). 
An example of a ES-cell-derived pyramidal neuron in the 
cortex of a neonatal host is shown in Fig. 2D. The donor 
neurons generated an extensive axonal network throughout 
the host gray and white matter, reaching from the most rostral 
regions such as the olfactory bulb to the brainstem (Fig. 3). 
Within the white matter, donor-derived axons frequently as- 
sembled into prominent fiber bundles running alongside host 
axons through the major axonal trajectories, including the 
corpus callosum (Fig. 3/4), anterior commissure, striatal fiber 
bundles (Fig. 3C), and various other endogenous fiber tracts. 
Gray matter regions exhibiting dense donor-derived axonal 
networks included cortex (Fig. 34), hippocampus (Fig. 3B), 
septum, striatum, thalamus (Fig. 3D), hypothalamus, tegmen- 
tum, tectum, and brainstem. 

Astrocytes generated by the transplanted ES cells were 
found in a distribution similar to that of donor-derived neu- 
rons. The most prominent accumulations were detected in the 
ventral diencephalon and in tectum. In addition, these cells 
efficiently incorporated into white matter regions such as the 
corpus callosum (Fig. 1). Donor-derived astrocytes strongly 
expressed M2, a species-specific antigen frequently used for 
the identification of mouse astrocytes in xenografts (Fig. 4 A 
and B and ref. 21). Their astroglial identity was confirmed by 
double labeling with an antibody to GFAP of cells labeled with 
either the mouse satellite probe or the M2 antibody (Fig. 45). 
Encountered only occasionally in newborn recipients, these 
cells were more frequently detected in animals sacrificed at 
PI 5 (Table 1). ES-cell-derived astrocytes were morphologi- 
cally indistinguishable from their host counterparts, and 
GFAP immunofluorescence showed no differences in size or 
branching pattern between the two populations. Typical for 
astroglia, donor-derived astrocytes often extended processes to 
adjacent blood vessels. 

In addition to neurons and astrocytes, donor-derived oligo- 
dendrocytes were found in the transplanted rat brains. The 
identity of these cells was confirmed by in situ hybridization 
with the mouse satellite probe and subsequent immunohisto- 
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Fig. 2. ES-cell-derived neural precursors injected into the telencephalic vesicle of fetal rats incorporate individually into a variety of host brain 
regions and differentiate into neurons. Donor cells are identified by in situ hybridization using a digoxigenin-labeled probe to mouse satellite DNA 
{A, E, F f and I~L). Immunofluorescence detection of the mouse-specific antigen M6 and confocal laser microscopy were used to reconstruct 
individual neuronal profiles (B-D, G, H, and M). (A-D) Six days after injection into the telencephalic vesicle of an E17 rat, donor cells have left 
the ventricle and incorporated into the host cortex. The ES-cell-derived neurons show prominent apical dendrites and basal axons entering the 
corpus callosum, a morphology appropriate for cortical projection neurons (arrows: perikaryon). Note the characteristic pyramidal morphology 
in £>. (£) Incorporated donor cells in the striatum of a 2-week-old rat transplanted at E18. (F-H) Donor-derived cells in the host hypothalamus. 
In contrast to cortex, neurons incorporating into the diencephalon frequently exhibited multipolar morphologies (G and H). (I) Host- and 
donor-derived neurons in the septum of a newborn rat. Both neurons show expression of microtubule-associated protein 2; the donor-derived cell 
is identified by in situ hybridization. (K-M) Incorporated cells in the host thalamus of newborn (K) and 2-week-old rats (L and M). In L, 
ES-cell-derived neurons are visualized by fluorescence in situ hybridization (green dots) and subsequent immunofluorescence analysis with an 
antibody to the nuclear neuronal antigen NeuN (red). Note the mature neuronal phenotype of the integrated celts with the presence of dendritic 
spines (Af ). [Bars = 100 urn (A, E, F, and K), 20 u,m (B-D, G, H, L, and M), and 10 /i,m (/).] 



chemical detection of CNPase, a marker for myelin and 
oligodendroglia (22). ES-cell-derived CNPase-positive oligo- 
dendrocytes were only detected in the brains of 2- week sur- 
vivors and their distribution was restricted to white matter 
regions such as the corpus callosum and striatal fiber tracts. 
Size, orientation, and CNPase expression of these cells were 
indistinguishable from their host counterparts (Fig. 4 C and 
D). 

Formation of Mitotic Neuroepithelium. Cells remaining in 
the host ventricle formed large clusters containing prominent 
neuroepithelial formations. These formations were particu- 
larly prominent in the 2-week survivors and — upon cross- 
sectioning — closely resembled tightly packed neural tubes 
(Fig. 5A). Individual tubes consisted of columnar epithelium 
with high mitotic activity at the luminal surface (Fig. 5A Inset). 



The epithelial cells showed strong expression of nestin (Fig. 5 
B and C) and brain fatty-acid-binding protein (data not 
shown), antigens typically expressed in the early neuroepithe- 
lium (16, 23, 24). Cells expressing neuronal antigens, including 
microtubule-associated protein 2, neurofilament, and tyrosine 
hydroxylase, were restricted to the periphery of the forma- 
tions, suggesting an inside-out gradient of differentiation (Fig. 
5D). Thus, by morphology, antigen expression, and gradients 
of proliferation and differentiation, these structures are very 
similar to the developing neuroepithelium. In addition, intra- 
ventricular grafts contained small clusters of still undifferen- 
tiated embryonic cells. These cells were easily recognized by 
their expression of alkaline phosphatase, an enzyme typically 
present in undifferentiated embryonic cells (25). Whereas 
clusters of alkaline phosphatase-positive cells were frequently 
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Table 1. Differentiation of ES-cell-derived neural precursors after 
transplantation into the embryonic rat brain 
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ES cells (line J 1) aggregated to embryoid bodies and grown for 5-12 
days in ITSFn medium were injected into the ventricle of £16 -El 8 
rats. Recipients were sacrificed between PO and PI 5 and donor-derived 
neurons were identified by DNA in situ hybridization in conjunction 
with immunohistochemical detection of NeuN or by expression of M6 
and unequivocal morphological criteria (presence of dendrites and 
axons). ES-cell-derived astrocytes were detected with an antibody to 
M2 or by DNA in situ hybridization in conjunction with immunohis- 
tochemical detection of GFAP. Intraventricular donor cell clusters 
were assayed for the presence of nestin-positive neuroepithelial for- 
mations (NEF), clusters of undifferentiated, alkaline phosphatase- 
positive cells (AP; + + T numerous clusters; +, occasional clusters), and 
differentiated nonneural tissue (NNT). Each row represents one 
recipient animal. The integration patterns show considerable interin- 
dividual variability. There is an increase of glial cells and a decrease 
of AP-positive cells with increasing survival time. T, telencephalon; D, 
diencephalon; M, mesencephalon. 

encountered in newborn animals, they were only occasionally 
detected in the 2-week survivors, arguing for a gradual differ- 
entiation of the embryonic cells. Disappearance of the alkaline 
phosphatase-positive cells was inversely correlated with the 
emergence of nonneural tissue in the PI 5 animals, where 
occasional islands containing adenoid structures, cartilage, 
and epidermis were found within the intraventricular clusters 
(Table 1). These observations indicate that undifferentiated 
embryonic cells present in the transplanted cell suspension 
form intraventricular teratomas. 

DISCUSSION 

Our results demonstrate that ES-cell-derived neural precur- 
sors transplanted into the developing mammalian brain are 
able to generate neuronal and glial lineages. Upon injection 
into the telencephalic vesicle of fetal rats, the donor cells leave 
the ventricle and migrate into the recipient brain, where they 
differentiate into neurons, astrocytes, and oligodendrocytes. 
Incorporation of the transplanted cells is not random but 
occurs in patterns compatible with the host brain development. 
The donor cells integrated preferentially into cortex, hip- 
pocampus, striatum, septum, the medial diencephalic nuclei, 
and tectum. These regions are known to continue neurogenesis 
until or even beyond the time of transplantation (26). Tem- 
porally, neurons, astrocytes, and oligodendrocytes appeared 
successively. Few astrocytes were present neon at ally when 




Fig. 3. Extensive axonal innervation of the host brain. The ES- 
cell-derived neurons generated a dense axonal network within the 
recipient brains. Abundant M6-positive axons were found at all levels 
in both gray and white matter. (A) Donor-derived axons in corpus 
callosum (cc) and deep layer cortex (co) of a 2-week-old recipient. (B) 
Axonal innervation of the hippocampal stratum oriens. The M6 
immunofluorescence also depicts the perikaryon (arrow) and den- 
drites (arrowheads) of a large horizontal neuron in the upper stratum 
oriens. The morphology of this cell is very similar to the outline of 
Golgi-impregnated horizontal neurons in this area (20). (C) Abundant 
donor-derived axons in a striatal fiber tract of 2-week-old recipient 
brain. (D) ES-cell-derived axons in the thalamus of a newborn 
recipient transplanted at £17. (Bars = 50 jum.) 

compared with 2-week-old recipients (Table 1), and oligoden- 
drocytes were only detected in the PI 5 animals. This delayed 
appearance of glial cells corresponds well with the timing of 
host gliogenesis that has been shown to be primarily a postnatal 
event (27). In addition, neurons and glia snowed differences in 
their distribution. Although neurons incorporated preferen- 
tially into gray matter regions, astrocytes invaded both gray 
and white matter, and oligodendrocytes were found only in 
fiber tracts. These observations indicate that neural precursors 




Fig. 4. Incorporation of ES-cell-derived glia. {A and B) ES-cell- 
derived astrocytes have migrated into the granular layer (g) of the 
olfactory bulb of a 2-week-old host. Cells are visualized with an 
antibody to the mouse-specific antigen M2 (red). SVZ, olfactory 
subventricular zone. An individual astrocyte, double labeled with an 
antibody to GFAP (green), Is shown in B. (C and D) ES-cell-derived 
oligodendrocytes in the rostral (C) and caudal (D) corpus callosum of 
a 2-week-old host brain. The donor cells, identified by DNA in situ 
hybridization (black), are morphologically indistinguishable from ad- 
jacent host oligodendrocytes. Host- and donor-derived oligodendro- 
cytes exhibit equivalent immunoreactivity to CNPase (red). [Bars = 
100 *im (A) and 10 /im (B-D).] 
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Fig. 5. Generation of neuroepithelial formations. (A and B) Eight 
days after intrauterine transplantation, the donor cells have generated 
numerous neural tube-like structures within the host ventricle. Like 
the developing neural tube, these structures exhibit high mitotic 
activity at the luminal surface (A) (hematoxylin /eosin; arrows in Inset 
indicate mitotic figures) and strong expression of the intermediate 
filament nestin (B). (C and D) Neuroepithelial formation in the 
ventricle of a 2-week-old animal transplanted at HI 8. The formation 
contains abundant radially oriented nestin- positive processes (C). As 
in the early neuroepithelium, there is an inside-out gradient of 
differentiation with neuronal markers being expressed at the periph- 
ery of the formation (D) (green, tyrosine hydroxylase; red, M6; * t 
center of formation). [Bars = 100 jim (A and D) and 20 jxm (B and 
C).] 

derived from ES cells and transplanted into the mammalian 
brain are susceptible to environmental cues guiding cell fate 
determination and differential migration. Furthermore, do- 
nor-derived neurons appear to respond to local differentiation 
cues. This is particularly evident in cortex, where they acquired 
morphological features characteristic for cortical projection 
neurons, including a pyramidal cell body, long apical dendrites, 
and basal axons projecting into the corpus callosum (Fig. 2 
B-D). The innervation of the host brain by the transplanted 
cells further suggests that donor-derived neurons remain re- 
sponsive to host-mediated axon guidance. Detectable at all 
levels of the recipient brain, donor-derived axons bundled and 
extended through the major host trajectories, running along- 
side endogenous axons and obeying the border of the fiber 
tracts (Fig. 3C). Donor-derived astrocytes and oligodendro- 
cytes were similarly indistinguishable from their endogenous 
counterparts and only detectable by virtue of their genetic 
difference. Donor and host glia exhibited equivalent expres- 
sion of the cell-type-specific antigens GFAP and CNPase. 
Many of the ES-cell-derived astrocytes assumed perivascular 
locations, with one or several processes extending to the 
capillary wall — a feature typically observed in astrocytes in- 
volved in blood-brain barrier formation (data not shown). 

The migration and differentiation patterns of the trans- 
planted ES cells are in accordance with those obtained after 
intrauterine transplantation of primary cells derived from the 
embryonic brain (9-11). In both cases, the donor cells incor- 
porate preferentially into regions exhibiting protracted neu- 
rogenesis until late gestation and adopt local phenotypic 
features. These observations indicate that primary neuroepi- 
thelial cells and neural precursors derived from ES cells 
respond very similarly to environmental cues. Our data 
strongly suggest that neuroepithelial cells generated in vitro 
from ES cells can act as neural precursors in vivo and con- 
tribute neurons and glia to the developing mammalian brain. 
These findings significantly extend results of previous studies 
showing that retinoic acid-induced ES cells exhibit antigenic 



and electrophysiological properties of neurons and glia in vitro 
(4-7) .and that the differentiated phenotype of retinoic acid- 
induced ES or teratocarcinoma cells can be maintained after 
transplantation into the adult brain (28-32). In contrast to 
these studies, we were less interested in the forceful induction 
and subsequent maintenance of a neuronal phenotype but 
rather in the interaction of still undifferentiated neural pre- 
cursors with the developing brain. The widespread neuronal 
and glial integration obtained after transplantation of ES-cell- 
derived precursors provides an impressive example for the 
dominant role of non-cell-autonomous signals during neural 
migration and differentiation. The fact that a cell never 
previously exposed to a nervous system is able to migrate into 
cortex and to differentiate into an appropriate local phenotype 
illustrates that cell communities in individual brain regions 
harbor sufficient cues to maintain their local identity and to 
foster their own development through precursor cell recruit- 
ment. 

It is a well-described phenomenon that ES cells transplanted 
to an adult host frequently develop teratomas and teratocar- 
cinomas (for review, see ref. 33). In striking contrast, both ES 
and teratocarcinoma cells have been shown to participate in 
normal development upon introduction into early embryos at 
the blastocyst stage (for review, see ref. 34). Our observations, 
along with similar studies on ES-cell-derived hematopoietic 
progenitors (3), provide an interesting intermediate between 
these two scenarios. They show that the ability to participate 
in normal development is not restricted to undifferentiated ES 
cells but extends to their more differentiated progeny. Neural 
and hematopoietic precursors derived from ES cells in vitro are 
able to reconstitute neural and hematopoietic lineages after 
transplantation into living hosts. It is likely that such a con- 
tribution to host tissue formation requires close physical 
contact between the transplanted cells and the target tissue. 
One explanation for the conspicuous formation of neural 
tube-like structures within the host ventricles might be that ES 
ceils differentiated into neural precursors but physically sep- 
arated from the brain tissue are not sufficiently exposed to 
local cues mediating precursor cell recruitment and thus 
develop autonomously into primitive nervous system tissue. ES 
cells not sufficiently differentiated into neural precursors 
might evade recruitment because they are unable to respond 
to tissue-specific guidance cues. Because of their pluripotency, 
these cells can develop into a variety of tissues. Islands of 
nonneural tissue observed within the intraventricular clusters 
are most likely derivatives of still undifferentiated ES cells 
present in the transplanted cell suspension. 

Although our results outline the developmental potential of 
in vitro -generated neural precursors at a basic neurobiological 
level, the in vivo reconstitution of neuronal and glial lineages 
by transplanted ES-cell-derived donor cells might eventually 
be exploited for cell replacement strategies. This idea receives 
strong impetus from recent findings implying that embryonic 
stem cells can be obtained from adult tissue by transferring 
nuclei of differentiated cells into oocytes (35), a perspective 
offering the possibility to generate virtually unlimited numbers 
of tissue-specific and genetically modified donor cells from the 
same individual. Transplant experiments in rodents further 
indicate that the adult brain may retain some of the cues 
required for regional cellular differentiation (36-38). These 
observations would suggest that region-specific differentiation 
of transplanted ES-cell-derived precursors is not limited to the 
developing nervous system. Hie feasibility of ES-cell-based 
replacement strategies will critically depend on the ability to 
generate highly purified donor populations susceptible to host 
regulation. 

The possibility of introducing ES-cell-derived neurons and 
glia into the developing nervous system also offers an exciting 
approach for the study of neurological mutants. The rapid 
proliferation of ES cells and their susceptibility to genetic 
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manipulation allows the generation of large numbers of ge- 
netically modified donor cells. The properties of these cells can 
then be assayed in vivo in a wild-type recipient brain. Hie data 
presented herein show that the full range of neuronal and glial 
phenotypes might be accessible with this approach. Analysis is 
not restricted to cell migration and differentiation but may 
include aspects such as axon outgrowth and guidance, myeli- 
nation, and the susceptibility of distinct genotypes to degen- 
erative and neoplastic brain disease. Transplantation of ES- 
cell-derived neural precursors should be especially useful for 
the analysis of targeted gene deletions. Homozygous knockout 
ES cells from mutants exhibiting very early embryonic lethality 
can be differentiated in vitro and their neural offspring can be 
analyzed in the context of a developing brain. Incorporation of 
ES-cell-derived precursors into the central nervous system also 
offers the possibility to analyze the neural phenotype of null 
mutants without prior generation of a knockout animal. 
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Association of acetylated micr tubules, vimentin intermediate filaments, and MAP 2 
during early neural differentiation in EC cell culture 
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Falconer, M. M., Vielkind, U., and Brown, D. L. 1989. Association of acetylated microtubules, vimentin inter- 
mediate filaments, and MAP 2 during early neural differentiation in EC cell culture. Biochem. Cell Biol. 67: 537-544. 

Pluripotent P19 embryonal carcinoma cell cultures can be induced to differentiate into neurons and glial cells by 
the addition of 10 6 M retinoic acid. During early neural differentiation, a bundle of colchicine-stable, acetylated 
microtubules is formed. This acetylated microtubule array apparently extends to form neurites during neurogenesis. 
In this paper, we analyze changes in vimentin and MAP 2 distributions during neural differentiation with respect to 
the changes in the acetylated microtubule array. During a brief period early in differentiation, indirect immunofluorescence 
staining shows the colocalization of colchicine-stable acetylated microtubules, vimentin, and MAP 2. Using acryiamide 
to disrupt the organization of vimentin intermediate filaments and estramustine to disrupt the binding of MAP 2 to 
microtubules, we show that acetylated microtubules, MAP 2, and vimentin intermediate Filaments are arranged in an 
interdependent cytoskeletal array. We suggest this array may serve to stabilize processes in neural stem cells, before 
the final decision to differentiate into neurons or glia is made. 

Key words: embryonal carcinoma culture, MAP 2, microtubules,, neural differentiation, vimentin. 

Falconer, M. M., Vielkind, U., et Brown, D. L. 1989. Association of acetylated microtubules, vimentin inter- 
mediate filaments, and MAP 2 during early neural differentiation in EC cell culture. Biochem. Cell Biol. 67 : 537-544. 

Les cellules du carcinome embryonnaire pluripotentiel P19 en culture peuvent §tre induites a se differencier en neurones 
et en cellules gliales par addition d'acide r&inoique 10" 6 M. Au debut de la differenciation neurale, il se forme tin 
faisceau de microtubules ac&yles, stables a la colchicine. Ce jeu de microtubules acetyles semble s'etendre pour former 
des neurites durant la neurogenese. Nous analysons ici les changements dans la distribution de la vimentine et de la 
MAP 2 durant la differenciation neurale par rapport aux changements dans le jeu des microtubules ac&yles. Durant 
une breve periode du debut de la differentiation, la coloration par immunofluorescence montre la colocalisation des 
microtubules acetyles stables a la colchicine, de la vimentine et de la MAP 2. Utilisant racryiamide pour briser rorganisa- 
tion des filaments intermediates de vimentine et l'estramustine pour rompre la liaison de la MAP 2 aux microtubules, 
nous montrons que les microtubules acetyles, la MAP 2 et les filaments intermMiaires de vimentine sont disposes dans 
un systeme cytosquelettique interdlpendant. Nous suggerons que ce systeme peut servir a stabiliser les processus dans 
les cellules souche neurales avant que ne soit prise la decision finale de se diffeiencier en neurones ou en cellules gliales. 

Mots cles : cellules du carcinome embryonnaire, MAP 2, microtubules, differenciation neurale, vimentine. 



Introduction 

The elongated processes of neural cells contain MTs 
aligned parallel to the long axis of the process. Up to 60% 
of these MTs resist depolymerization by cold or colchicine 
and can be described as "stable MTs" (Sahenk and Brady 
1987; Brady et at. 1984; Black and Greene 1982). These MTs 
contain acetylated a-tubulin, a posttranslational modifica- 
tion that is associated with stable MT arrays (Piperao et al 
1987; Cambray-Deakin and Burgoyne 1987; Sale et of. 1988). 

In a previous paper (Falconer et al 1989), we documented 
the induction of this stable, acetylated MT array during 
neuronal differentiation in pluripotent P19 EC cell cultures 



Abbreviations: EC, embryonal carcinoma; FBS, fetal bovine 
serum; GFAP, glial fibrillary acidic protein; IF(s), intermediate 
fdament(s); MT(s), microtubule(s); MAP(s), MT-associated pro- 
tein(s); MEM, modified Eagle's medium; NF(s), neurofilament(s); 
RA, retinoic acid. 
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U.S.A. 
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(Jones- Villeneuve et aL 1982; Edwards and McBurney 1983). 
Using changes in the acetylated MT array, we classified 
neuronal differentiation into three stages. In the first stage, 
which occurs before extension of processes is seen, there is 
formation of a stable, acetylated MT bundle. No MAPs have 
been detected in association with this MT bundle. In the 
second stage, extension of neurites occurs and MAP 2 now 
colocalizes with stable MT arrays. In the third stage, further 
neurite specialization is seen, including onset of neurofila- 
ment, MAP IB, and tau staining. 

In this paper we examine the interactions between stable 
MTs and IFs. These investigations focus on vimentin, which 
is the first IF protein found during differentiation in EC ceils 
(Pauline/ at 1982) and is also the first IF protein seen during 
neuronal differentiation in embryos (reviewed by Fedoroff 
et ai, 1982-1983). 

Our results show that vimentin IFs are unlikely to play 
a role in stabilizing the early, stage 1 MT bundle. H wever, 
during stage 2, vimentin IFs are part f a cytoskeletal 
complex present in the newly extending neural process. By 
using two cytoskeletal disrupting agents, acryiamide, which 
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acts to disrupt IF organizati n (Eckert 1985; Sager 1989), 
and estramustine, which binds to MAPs resulting in MT 
depolyuierizati n (Stearns and Tew 1988), we demonstrate 
that acetylated MTs, MAP 2, and vimentin IFs are present 
as an interdependent complex which can serve to stabilize 
a newly extended process in a cell. We suggest this may occur 
in cells committed to the neural pathway but whose final 
differentiation into either neurons or glial cells is not yet 
specified. 

Materials and methods 

Ceil cultures 

' The P19 mouse EC cell line (McBurney and Rogers 1982) was 
maintained at 37°C and 59b C0 2 in cr-MEM (Flow Laboratories, 
Mississauga, Ont.), supplemented with 10% heat-inactivated FBS 
(Flow Labs), and passaged every 2 days using 0.25% trypsin (Flow 
Labs) and I mM EDTA (Sigma Chemical Co., St. Louis, MO) in 
calcium- and magnesium-free PBS. For RA (Sigma) induced 
neuronal differentiation, cells were seeded on coverslips, usually 
1 x 10 s cells per coverslip, in a 35-mm tissue culture dish in 
a-MEM plus 10% FBS. After 24 h. the medium was replaced with 
a-MEM plus 1% FBS, and 10 M RA was added to induce 
neuronal differentiation. A 10 " 2 M stock solution of RA was 
prepared in cthanol, stored at - 80°C, and diluted to 10' 4 M in 
medium. Appropriate amounts were added to the cultures for a 
final concentration of 10 ~ 6 M RA. 

Experiments using cytoskeleton disrupting agents were performed 
on stage 1 (24 h after addition of RA), stage 2 (48 h after addition 
of RA), and stage 3 (72 h after addition of RA) cells, grown on 
coverslips. Colchicine (Sigma) was made up as a stock solution 
of 1 mg/mL in sterile distilled water, stored at - 80°C, and used 
at a final dilution of 1 pg/mL in culture medium for 45 min. 
Estramustine (a gift from Mark Stearns) was freshly prepared for 
each experiment as a 10 mM stock solution in DMSO and used 
at a final dilution of 150 /iM for I h. Acrylamide (Bio-Rad 
Laboratories, Richmond, CA) was freshly made up as a 4 M stock 
solution in sterile distilled water and used at a final dilution in 
culture medium of 4 mM for 5 h. When both acrylamide and col- 
. chicine were used, 1 fig/mL colchicine was added after 4 h and 
15 min of exposure to 4 mM acrylamide, and the cells were fixed 
45 min later. 

Immunofluorescence techniques 

Cells attached to coverslips were briefly washed in calcium- and 
magnesium-free PBS and then simultaneously fixed and extracted 
in 3.7% paraformaldehyde plus 0.25% glutaraldehyde (v/v) in 
PEM buffer (80 mM PIPES, 5 mM EOTA, 1 mM MgCI 2v and 
1% Triton X-100 (all purchased from Sigma), pH 6.8) for 5 min, 
then rinsed 3 x 3 min in PBS, postflxed for 3 min In ice-cold 95% 
ethanol, followed by 3 x 3 min rinses in PBS. Double immuno- 
fluorescence staining was done by simultaneous incubation in two 
primary antibodies for 45 min at room temperature, followed by 
3 x 3 min PBS rinses, and then simultaneous incubation with the 
two indicated secondary antibodies for 45 min at room 
temperature. Appropriate controls were done to insure that cross- 
reaction between secondary antibodies did not occur. Following 
3 x 3 min PBS rinses, cells were stained for 1 min in 1 pg/mL 
Hoechst dye no. 33258 (Calbiochem-Behring Corp., LaJolla, CA) 
to visualize DNA, then rinsed 3x3 min in PBS. Coverslips were 
mounted in mounting medium containing 2.5% (w/v) of 1,4- 
diazabicyclo(2.2.2)octane (DABCO) (Aldrich Chem. Corp., 
Milwaukee, WI) dissolved in 9 parts glycerol t 1 part Tris 
(Bio-Rad) buffer, pH 8.6, for observation. All cells were examined 
with either a Zeiss Axiophot microscope or a Zeiss Universal 
microscope with epifluorescence optics. Micrographs were taken 
on Ilford XP 1-400 ASA film. 

The following primary antibodies were used: 6-11B-1 mouse 
m noclonal antibody against acetylated a-tubulin (Piperno and 



Fuller 1985) was a gift from G. Pipern ; YOL 1/34, a rat 
m noclonal antibody which stains m st f rms of a-tubulin 
(Kilmartin et ai 1982), was purchased fr m Dimensi n 
Laboratories, Mississauga, Ont.; m use m noclonal antibody t 
MAP 2 (cl ne AP-18) (Binder et ai. 1984) was a gift from L. I. 
Binder; and rabbit polyclonal anti-vimentin (Fed r ff et ai. 
1982-1983) was a gift from V. Kalnins. 

The following secondary antibodies were used: FITC-conjugated 
goat anti-rabbit IgG (Miles- Yeda Ltd. Research Products, Elkhart, 
IN); rhodamine-conjugated rabbit anti-mouse IgG, cross-absorbed 
against rat (Zymed, Dimension Laboratories, Mississauga, Ont.); 
and FITC-conjugated rabbit anti-rat IgG, cross-adsorbed against 
mouse (Zymed). 

Results 

Uncommitted P19 cells were induced to differentiate along 
the neural pathway by addition of 10~ 6 M RA and 
surveyed at 24-h intervals by indirect immunofluorescence 
for the distribution of vimentin IFs, MAP 2, and colchicine- 
stable acetylated MTs. Most uncommitted P19 cells contain 
no Filamentous vimentin, but do have a diffuse backgr und 
stain (Fig. la). Only a few, colchicine-stable acetylated MTs 
are present in uncommitted cells (Fig. \b) (Falconer et aL 
1989). 

During the 24-h period after addition of RA, which we 
define as stage 1 differentiation, vimentin staining remains 
diffuse (Fig. 1c). However, at this time, short bundles of 
colchicine-stable, acetylated MTs are induced in most cells 
although no cytoplasmic extensions are visible (Fig. Id). 

During stage 2, about 48 h after RA addition, filamentous 
vimentin becomes a prominent feature (Fig. le). Also at this 
time, cytoplasmic processes are extended and are easily seen 
by staining the stable, acetylated MT population (Fig. If). 
Although differentiation is not synchronous, most processes 
are less than five cell bodies in length. In some cells, growth 
cones can be identified (arrow, Fig. \f). 

By stage 3, from 72 h after RA addition and onward, a 
complex pattern of neurons is present. When cells are double 
stained for vimentin (Fig. \g) and acetylated MTs (Fig. 1A), 
very little colocalization of staining is observed. 

Although we believed the vimention IFs in the colchicine- 
treated cells would collapse around the nucleus, we were 
surprised to find that in a small, but constant proporti n 
of colchicine-treated cells (less than 5°7o of the differentiating 
cells), the vimentin IF network does not collapse (Fig. 2a), 
but, instead, is similar in distribution to the acetylated, stable 
MT array (Fig. 2b). This colocalization is limited to the brief 
period of stage 2 differentiation. During stage 1 , no filamen- 
tous vimentin is present (see Fig. lc), and during Stage 3, 
double labeling shows very little colocalization with 
acetylated MTs (see Figs. \g and Mr). 

MAP 2 staining first appears during stage 2 differentia- 
tion. Double labeling of colchicine-treated cells shows that 
all cells with stable MTs (Fig. 3a) also stain for MAP 2 
(Fig. 36). MAP 2 can be identified in cells without processes, 
in cells with a single process, and in cells with two or more 
processes (Fig. 3b). However, by stage 3, double labeling 
of acetylated MTs (Fig. 3c) and MAP 2 (Fig. 3d) shows 
MAP 2 is now localized to only some of the neurites which 
contain stable, acetylated MTs. The MAP 2 positive pro- 
cess© have, presumably, differentiated into dendrites 
(Peng et aL 1986). 

Since stage 2 stable, acetylated MTs colocalize with vimen- 
tin IFs and with MAP 2, vimentin IFs sh uld also colocalize 



539 




Fio. 1. P19 cells stained for vimentin {a % c# % and g) and for acetylated MTs (MS, and h) during stages of neural differentiation. 
Uncommitted EC cells are shown in Figs, la and lb. (a) EC cells sh w diffuse vimentin staining. (6) Grichicine-treated EC cells have 
few stable, acetylated MTs. Differentiating stage 1 cells (24 h after RA addition) are shown in Figs. 1c and Id), (c) Vimentin stain 
remains diffuse. (</) Colchicine-treated cultures now show bundles f stable, acetylated MTs. Stage 2 cells, (48 h after RA addition) 
are shown in Figs, le and if. (e) Filamentous vimentin is n w present. (/) In colchicine-treated cultures, the first processes containing 
acetylated stable MTs can be identified. Note the growth cone (arrow). Stage 3 cells, 3 days post RA, are shown, double labeled for 
vimentin (g) and for acetylated MTs (A). Very few processes contain vimentin (g), although a complex network f neurons containing 
acetylated MTs is evident (A). Magnification in a-/. 650x ; g and A, 350 x . 
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Fio. 2. A stage 2, co!^^ ceU, double labeled for vimentin (a) and for stable, acetylated MTs (*). A growth cone (arrow) 
is visible. Magnification, 350 x. 




Fio 3 Staae 2 colchidne-treated cells, double labeled for stable MTs (a) and for MAP 2(d). ColocaHzation of MAP 2 and stable 
M ?scantS in cells with a single process, and in cells with two processes ; (am>wsy . By 

stagl r(F^L1S. colocaltotion of stable MTs (c) and of MAP 2 «/) in colchicine-treated cells, is only partial. Magmficati n 
in a and b. 300 x; c and d % 250 x . 



with MAP 2. Double staining with vimentin and MAP 2 
antibodies confirms this (Figs. 4a and 4b). 

From these results, we postulated that during stage 2, 
stable, acetylated MTs, MAP 2, and vimentin IFs are linked 
together t form a stabilizing structure in the newly extend- 
ing processes. If this linkage exists, disruption or elimina- 
tion of one f the components should affect the others. To 
test thir. hypothesis, we analyzed the effect on the colchicine- 



stable cytoskeleton complex of two disrupting agents, 4 mM 
acrylamide and 150 jiM estramustine. Acrylamide has been 
shown to induce collapse f the IF network, resulting in a 
"cap" of IFs near the nucleus (Eckert 1985; Sager 1989). 
Estramustine, a drug used in cancer therapy, binds preferen- 
tially to MAP 2, inhibiting MT assembly and thereby 
resulting in net depolymerizati n of MT arrays (Stearns and 
Tew 1988). 
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contrast indicates the process is quite short. Magnification, 750 x . 



Exposure to acrylamide results in loss of vimentin IFs 
from the processes and formation of a diffusely staining 
vimentin "cap" near the nucleus (Fig. 5a). Acetylated MTs 
remain in the processes (Fig. 5b). MAP 2 is not detectable 
or is present only as a faint, diffuse cytoplasmic stain (figure 
n t shown). To test if these remaining acetylated MTs are 
still stable against colchicine-induced depolymerization, a 
combined drug treatment was used. Stage 2 cells were 
exposed to acrylamide for 5 h and colchicine was added 
during the last 45 min of treatment. With this procedure, 
vimentin IFs were collapsed and no 1 ngcr present in the 
process (Fig. 5c), no colchicine-stable acetylated MTs 
remained in the process (Fig. 5d), and MAP 2 could not be 
detected (figure not shown). In addition, the processes in 
this combined treatment were very short (Fig. 5e) and few 



in number, implying that many had completely retracted and 

were no longer detectable. . . . * * 

In estramustine-treated cells, double labeled for vimentin 
and acetylated tubulin, most vimentin IFs are absent from 
the process. The vimentin staining pattern shows a diffuse 
stain in the cell body and a few discrete filaments near the 
nucleus (Fig. 6a). No acetylated MTs remain in the process, 
and the few MTs present are colocalized to the remaining 
vimentin filaments (Fig. »). The process itself is quite short 
(Fig. 6c). When cells are d uble labeled for MAP 2 and 
vimentin. tittle or no MAP 2 is present in the process 
(Fig. 6d) and the vimentin IFs have collapsed and are not 
present in the process (Fig. 6e). The processes shown here 
(Fig. $f) had not completely retracted, although in 
estramustine-treated cells, most processes are short and few 
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Fio. 6. . Estramustine treatment of stage 2 cells. Double label of a cell for vimentin (a) and acetylated MTs (b). (a) Vimentin IFs 
collapsed near the nucleus with only a few filaments visible (arrow), (ft) The few remaining acetylated MTs (arrow) colocalize with 
the vimentin IFs. (c) Phase contrast indicates the process is quite short. Double label of a cell for MAP 2 (d) and vimentin (e) sh ws 
that little MAP 2 remains in the process and the vimentin IFs collapsed near the nucleus. (/) Phase contrast of same cell. Magnificati n, 
750x. 



in number, implying that many have retracted. , 
Discussion 

In P19 cells, during the first 24 h of neuronal differen- 
tiation (stage 1), a population of colchicine-stable, acetylated 
MTs appears (Falconer et aL 1989). It is not known what 
stabilizes these MTs, but stable MTs are often posttransla- 
tionally modified by acetylation of a-tubulin (L'Hernault 
and Rosenbaum 1983) and acetylation itself may play some 
role in MT stabilization (Piperno et aL 1987). 

The initial stabilization of MTs may be enhanced at 
stage 2 differentiation (48 h after induction with RA) by the 
introduction of MAP 2, which colocalizes with colchicine- 
stable MTs. In vitro studies have shown that MAPs increase 
MT stability (Kirschner 1978) and influence spacing between 
adjacent MTs (Brown and Berlin 1985). This MAP 2 
mediated stabilization of differentiating cells is apparently 
also a transient phenomenon as shown by the results in this 
article. 

In P19 cultures induced to differentiate along neural 
pathways, the simultaneous colocalization of stable 
acetylated MTs, MAP 2, and vimentin IFs is seen only 
during the brief period of stage 2, when process outgrowth 
first appears. When this cytoskeletal complex is treated with 
disrupting agents, perturbation of one dement of the com- 
plex results in reorganization or altered stability of the other 
elements. This suggests that the three elements are associated 
together with MAP 2 as the probable linking agent between 
the MTs and vimentin IFs. MAP 2 has been suggested to 
be a cross-linking protein between MTs and IFs (reviewed by 
Matus, 1988), and an association f MAP 2 with MTs and 
vimentin in flat cells from primary cultures f mature rat 
brain has been demonstrated (Bloom and Vallee 1983). 

In differentiated ceOs in situ, vimentin is characteristic of 



cells of mesenchymal origin, but is also expressed by and 
considered a marker of cells derived from the neuroecto- 
derm, including astrocytes and radial glial cells (Schnitzer 
et aL 1981). Most continuous cell lines express vimentin; 
however, filamentous vimentin staining in P19 cells is almost 
certainly related to differentiation and is not a result f 
culturing the cells in vitro. In uncommitted EC cultures, we 
find only about 15% of cells have some amount of fila- 
mentous vimentin staining. The remaining cells have a dif- 
fuse background stain, which may indicate the presence of 
unpolymerized vimentin. Significant amounts of filamentous 
vimentin are not seen in our cells until 48 h after the addi- 
tion of RA. Paulin et aL (1982) documented the occurrence 
of filamentous vimentin in 17 different EC cell lines (not 
including the P19 line) and found that the percentage of cells 
containing vimentin varies from line to line, but all lines 
express more vimentin after treatment with RA. 

During differentiation, vimentin is the first IF pr tein 
expressed in P19 cells (Levine and Flynn 1986). NF staining 
is not seen until 3 or more days after addition of RA (Levine 
and Flynn 1986; Vielkind et aL 1989), while GFAP arises 
at least several days after NFs are seen (Jones- Villeneuve 
et aL 1982). Since it is NF and GFA proteins that are con- 
sidered the definitive markers for neurons and glial cells, 
respectively, it is not possible to predict what will be the final 
differentiated state of stage 2 cells. 

During development of the mouse embryo nervous 
system, vimentin is first detected on the 9th day of gestation 
(E9), in processes arising from the basal plate neuro- 
epithelium of the neural tube (Houle and Fedoroff 1983). 
However, neither NFs nor OFAP are expressed at this stage 
f mouse embry development (Schnitzer et aL 1981; 
Bignami et at. 1982). Houle and Fedoroff (1983) and 
Schnitzer et aL (1981) suggest that the first cells to express 
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vimentin may be ventricular cells, a neural stem cell which 
retains the capacity for multipotential differentiation along 
either neuronal or glial pathways. 

The absence of vimentin IFs from P19 cells during the 
first 24 h of neural differential n may be analogous t the 
absence of vimentin in the neural tube before embryonic 
day 9 (E9). Similarly, the period of colocalization of 
vimentin IFs with acetylated MTs and with MAP 2 in newly 
extending processes of P19 cells may correspond to the time 
when filamentous vimentin appears in processes extended by 
E9 ventricular cells. 

The vimentin IF - MAP 2 - acetylated MT complex may 
be present in a relatively unspecified stem cell which retains 
the ability to modify various components during subsequent 
differentiation. Thus, we suggest that acetylated MTs, found 
both in neurites (Cambray-Deakin and Burgoyne 1987) and 
in glial processes (Sale et al 1988), will remain, regardless 

f the subsequent differentiation pathway. If the cell 
commits to the glial lineage, acetylated MTs and vimentin 
IFs will remain and GFAP will be subsequently added. How- 
ever, MAP 2 may be replaced by MAP IB or another MAP. 
If the neuronal lineage is chosen, vimentin IFs first will 
coexist with NF protein and then will be replaced by NF 
protein, as seen during neuronal differentiation in embryos 
(Ziller et al 1983; Bignami et al 1982). MAP 2 will remain 
in dendritic processes and will be replaced by another MAP 
in axons. 

In differentiating P19 cells, and possibly during embryo- 
genesis as well, the stabilization of a newly extended process 
may itself be important in determining the final differen- 
tiation path, particularly if surrounding cells provide a signal 
that is perceived by the extension. 

Our results also substantiate that the P19 EC cell culture 
is a good model system to study neurogenesis. Unlike neuro- 
blast ma and pheochromocytoma (PC 12) cultures, which 
derive from neurally committed cells, the P19 culture 
consists of pluripotent cells (Jones-Villeneuve et al 1982; 
Edwards and McBurney 1983). Thus, early events, which 
may have already taken place in neuroblastoma and 
PC 12 stem cells, can be observed in differentiating 
P19 cells. In addition, differentiating neurons in 
P19 cultures have the same alterations in IF population and 
distribution as reported in vivo (Levine and Flynn 1986). 
However, neurogenesis in neuroblastoma and PC 12 cultures 
is atypical, with neurons retaining both vimentin IFs and 
neurofilaments throughout differentiation (Shea and Nixon 
1988). 
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